Sequential NanoFermentation (SNF) is a novel process which entails sparging microbially produced gas containing H 2 S from a primary reactor through a concentrated metal-acetate solution contained in a secondary reactor, thereby precipitating metallic sulfide nanoparticles (e.g., ZnS, CuS, or SnS). SNF holds an advantage over single reactor nanoparticle synthesis strategies, because it avoids exposing the microorganisms to high concentrations of toxic metal and sulfide ions. Also, by segregating the nanoparticle products from biological materials, SNF avoids coating nanoparticles with bioproducts that alter their desired properties. Herein, we report the properties of ZnS nanoparticles formed from SNF as compared with ones produced directly in a primary reactor (i.e., conventional NanoFermentation, or BCNF^), commercially available ZnS, and ZnS chemically synthesized by bubbling H 2 S gas through a Zn-acetate solution. The ZnS nanoparticles produced by SNF provided improved optical properties due to their smaller crystallite size, smaller overall particle sizes, reduced biotic surface coatings, and reduced structural defects. SNF still maintained the advantages of NanoFermentation technology over chemical synthesis including scalability, reproducibility, and lower hazardous waste burden.
Introduction
The NanoFermentation (NF) synthetic process uses microbial activity (i.e., fermentation and respiration) as a driving force for biomineralization, producing significant quantities of nanoparticles. We refer to this single batch reactor synthesis as conventional NanoFermentation (CNF). CNF processes have been used to produce various magnetic materials doped with transition metals (Roh et al. 2001) , lanthanides (Moon et al. 2007b) , and uranium (Madden et al. 2012) , as well as semiconducting materials (Moon et al. 2013 (Moon et al. , 2016 and electrical materials (Jang et al. 2015a ) with a variety of beneficial attributes. In our typical CNF process, anaerobic Thermoanaerobacter sp. X513 bacteria grow in basal medium at 65°C, using electrons from glucose to reduce thiosulfate or sulfite and release sulfide. When metal salt solutions are added to the batch reactor, sulfide spontaneously precipitates with metal ions forming extracellular nanoparticles (Jang et al. 2015b; Moon et al. 2013 Moon et al. , 2014 Moon et al. , 2016 .
Reactions between dissolved HS − and transition metals have previously been applied to nanoparticle formation. For example, sulfide-producing bacteria have been cultured and used to attenuate heavy metal contamination present in groundwater (Saunders 1998 ). Expensive hydrogen sulfide (H 2 S) gas has been dispensed from tanks and bubbled through metal hydroxide solution and organic solvent mixtures to rapidly produce nanoparticles (Akiba 2002) . Alternatively, a gasphase reactor was used to form H 2 S using gasified S and H, which could reduce the cost of sulfide nanoparticle production (Umino et al. 2013) . Finally, the CNF process has delivered bacterial-driven HS − and H 2 S gas development followed by metal-sulfide nanoparticle production in highly scalable systems. However, the reactions were limited to specific metal species that did not interfere with bacterial activity (i.e., Zn, Cu, and Sn) at non-toxic concentrations (i.e., up to 10 mM of metal salt). During CNF in 100-L or 900-L pilot-scale reactors (Moon et al. 2016) , the vessels were sparged with N 2 gas transferring the remaining H 2 S vapor into a zinc acetate trap, to protect the final nanoparticle products in liquid media and to avoid the release of a toxic gas. Within this trap were high-quality nanoparticles that inspired a new process for nanoparticle biosynthesis. Here, we describe a new approach, sequential NanoFermentation (SNF), defined as the sparging of gas formed by microbes in the primary reactors into metal salt solutions in secondary reactors, resulting in metal sulfide precipitation. This process enables the production of nanomaterials with compositions, qualities, and surface properties that could not be achieved by CNF.
The proposed SNF has multiple advantages over CNF and chemical processes for nanoparticle synthesis. First, there is no constraint due to metal salt toxicity, potentially enabling nanoparticle formation from Pb or Cd and metal salts at high concentrations. Second, the process could decrease the volume of metal-containing waste fluids by three orders of magnitude. Third, the primary reactor is reusable with additional fresh medium components and pH control (Moon et al. 2016 (Moon et al. , 2010a . Fourth, the biological process uses cheaper oxidized sulfur sources (i.e., sulfite or thiosulfate), while chemical syntheses requires use of more expensive reduced sulfur compounds (H 2 S gas or sodium sulfide) (Moon et al. 2013 ), which is a major percentage of large-scale manufacturing cost. Finally, we hypothesized that SNF could enable the use of non-metallic chemicals that are toxic to bacteria during nanoparticle formation, as well as minimize the presence of thick, organic surface coatings (e.g., proteins) identified in CNF products (Moon et al. 2014) .
This study compares nanoparticles produced from CNF and SNF processes, to shed light on the advanced properties and to expand the portfolio of accessible nanoparticle products.
Materials and methods

Reactor set-up and operation
The primary reactors in SNF had the same structure, composition, and function as the single batch reactors in CNF, but without the addition of metal salts (Fig. 1) . Primary reactors can be small 100-mL serum bottles (Moon et al. 2014 ) and can be scaled up to 900-L vessels (Moon et al. 2016) . In CNF, all nanoparticle reactions, production, and harvesting activities occurred in one reactor, while SNF flushed H 2 S-bearing headspace gas and HS − -bearing vapor from the primary reactor with inert gas (N 2 ) into the secondary reactor. H 2 S in the sparged gas reacted with dissolved metal ions in the aqueous or non-aqueous phase solution of the secondary reactor and precipitated metal sulfide nanoparticles.
The primary reactors, regardless of the reactor capacity, contained anoxic sterile basal growth medium components modified from TOR-39 medium (Moon et al. 2007a ) and various pH buffering agents including hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) or 3-(N-morpholino) propanesulfonic acid sodium salt (MOPS) (Moon et al. 2014) and 10 M NaOH (Moon et al. 2016) . When the reactor temperature reached 65°C, CNF was initiated with an inoculation of carbon source as electron donor (i.e., 10 mM glucose), sulfur source (i.e., 5-10 mM thiosulfate or sulfite), and 2 vol.% midlog growth phase bacteria stock solution. We used the anaerobic metal-reducing thermophilic bacterium Thermoanaerobacter sp. X513 (culture collection number DSM 101870). After cell growth and sulfide formation, a ZnCl 2 solution was added into the primary reactor to make a final concentration of 5 mM, and the mixture was incubated at 65°C until termination of the reaction as reported previously (Moon et al. 2014 ).
The SNF was also initiated using a similar approach by culturing the mid-log growth bacteria with carbon and sulfur sources in the primary reactor. After development of HS − in solution and H 2 S gas in the headspace after more than 48 h, N 2 gas was sparged through the biological medium of primary reactor and sparged into zinc acetate solutions ranging from 5 mM to 1 M concentrations in the smaller secondary reactor (Fig. 1) . When two secondary reactors in series were connected downstream to the primary reactor, white precipitates (i.e., ZnS) formed in the first downstream reactor and then in the second downstream reactor, implying the complete consumption of the zinc in the first downstream reactor. Previous work reported the instant color change by adding ZnCl 2 solution into the hydrosulfide-developed culture, and a minimum 5-min incubation fully produced ZnS nanoparticles without impurities (Moon et al. 2014 ). The first secondary reactor was then disconnected, and a third secondary reactor was connected next to the second reactor to maximize H 2 S recovery (Fig.  1) . The precipitated ZnS nanoparticles were compared to commercially available ZnS nanoparticles and chemically synthesized ZnS prepared by bubbling H 2 S gas through a Zn-acetate solution.
To demonstrate the versatility of this process to produce nanomaterials beyond ZnS, we synthesized CuS and SnS under similar conditions. Anoxic Cu(II)-acetate solutions (0.25 M) and anoxic mixed solutions of Sn(II)-chloride (0.25 M) and Na-acetate (0.25 M) were sparged with H 2 Sbearing gas produced from a 12-L primary reactor.
Characterization of nanoparticles
Produced nanoparticles were cleaned by shaking the particles suspended in deionized water using a reciprocal shaker (Eberbach, Ann Arbor, MI), centrifuging to collect particles, and repeating the steps until the particles were clean and all excess materials removed. The cleaned nanoparticles were distributed for further analysis in the deionized water washed wet state, suspended in methanol, or freeze dried.
Approximately 10 mg of deionized water washed wet nanoparticles suspended in a methanol slurry were applied to a silica zero background plate for phase identification using an X-ray diffractometer (X'pert PRO, PANalytical, Natick, MA) equipped with Mo-Kα radiation at 55 kV/40 mA and scanned between 5 and 35°2θ using a step size of 1.5°2θ/ min. Average crystallite size (ACS) was determined from the XRD results using the Scherrer equation in the JADE software package (Material Data Inc.) after the peak width was corrected for instrumental broadening using a calibration curve based on LaB 6 powder data.
Elemental analyses of the freeze-dried ZnS samples were performed by Galbraith Laboratories (Knoxville, TN) on acid digested samples using an inductively coupled plasma-optical emission spectrometer (ICP-OES). Fourier transform infrared (FTIR) spectroscopy measurements were also conducted on the dry powders using a PIKE diamond crystal-attenuated total reflection on a FTIR spectrometer (Digilab FTS 7000, Varian) equipped with a deuterated triglycine sulfate detector, in the range of 600-4000 cm −1 . Carbon and nitrogen contents on the ZnS nanoparticle surface were determined after freeze-dried samples were ground to a fine powder (< 200 mesh) and oven-dried at 70°C overnight. Approximately 0.2 g of ground sample was analyzed using a TruSpec elemental analyzer (LECO Corporation, St. Joseph, MI). A standard of known carbon and nitrogen concentration (Soil lot 1010, LECO Corporation, carbon = 2.77% ± 0.06% SD, nitrogen = 0.233% ± 0.013% SD) was used to ensure the accuracy and precision of the measurements. To avoid the interference from high concentration of volatile sulfur, samples were diluted with γ-Al 2 O 3 powder and the mixtures were ground again to ensure homogeneity of the resulting mixture. Blank correction was provided by the analysis of pure Al 2 O 3 only.
Particle size determination (PSD) analysis by dynamic light scattering (DLS) was obtained using a ZetaPALS system (Brookhaven Instruments, Holtsville, NY). The ZnS samples were washed with deionized water followed by sonication using a 500 W, 3-mm tip-probe sonifier at 40 kHz for 5 min in an ice water bath prior to analysis.
The absorbance of the ZnS NPs was characterized using a UV/vis/NIR spectrometer (Lambda 900, Perkin Elmer), and the photoluminescence (PL) was measured using a customized Hamamatsu system excited by a HeCd laser (325 nm). All measurements were performed at room temperature.
Individual nanoparticle analysis was performed using conventional and scanning transmission electron microscopy (TEM/STEM). A Hitachi HF3300 TEM/STEM with an accelerating voltage of 300 keV was used for high-resolution lattice and defect structure analysis. The HF3300 is also equipped with a secondary electron detector. Simultaneous SEM and dark-field (DF) STEM images were acquired.
Comparison study using commercial H 2 S gas Abiotic nanoparticles were synthesized for comparison with ZnS nanoparticles produced using CNF and SNF processes. A commercial H 2 S gas mixture (40 ppm balanced with N 2 in 7AL cylinder, Airgas) was sparged through a 1 M Znacetate solution in water at room temperature with stirring to produce abiotic ZnS nanoparticles. A completely closed system equivalent to the secondary reactor in SNF was prepared inside a walk-in fume hood. Sparging was continued until complete consumption of the gas mixture.
Results
ZnS nanoparticle syntheses
SNF was used to produce ZnS by the reaction between dissolved zinc acetate (1 M concentration) and nitrogen-flushed H 2 S-bearing gas with dissolved HS − in the vapor. CNF and SNF produced 2.1-3.0 and 1.8-2.3 nm crystallites, respectively (Table 1 ). These ACS values were similar to the 2-10 nm sizes observed in our previous study of CNF (Moon et al. 2014) . The pH in growth media substantially affected ACS of ZnS nanoparticles formed by CNF. Among CNF samples (Table  1) , ZnS produced in more acidic MOPS-buffered FM medium had an ACS of 3.0 nm, which was larger than the 2.1-2.2 nm sizes of particles produced from the more alkaline HEPESbuffered FeS medium.
ZnS with smaller ACS exhibited a blue-shift toward the larger bandgap (Fig. 2) . Compared to randomly selected CNF ZnS in ethanol (< 3.4 eV) and a previous study (< 3.6 eV) (Jang et al. 2015b) , SNF ZnS had 3.67-3.82 eV bandgaps, even without adding surfactant. These values were below the surfactant-ZnS with oleic acid-aided CNF ZnS (4.1 eV) and oleylamine-aided CNF ZnS (4.0 eV) (Jang et al. 2015b) .
TEM images reveal that the individual nanoparticle size of the SNF-produced ZnS nanoparticles is in good agreement with the ACS determined by X-ray diffraction, while the individual nanoparticle size of the CNF-produced ZnS nanoparticles is roughly twice the size of the ACS measured by X-ray diffraction (Fig. 3) . High-resolution TEM analysis of the CNF-produced ZnS nanoparticles reveals the presence of crystal defects (i.e., twinning and stacking faults) (Fig. 4) .
Application to other metal sulfides and suspension test
Additional monochalcogenide nanomaterials were prepared using SNF to assess the versatility of this new process. Solutions containing clear blue copper acetate or white flake-suspended Sn-acetate became brown to black as the H 2 S-bearing-gas was flushed from the primary reactor and was sparged into the secondary reactor in SNF process. ZnS, CuS, and SnS materials produced in the secondary reactors were phase-identified by XRD (Fig. 5 ).
An example ZnS with increased ACS (6.4 ± 0.3 nm) produced from the SNF was suspended (Fig. 5a , b, as-washed and sonicated, respectively), and the latter exhibited good suspension for 12 days with some precipitation. Generally, ZnS produced by the CNF process precipitated within a day (data not shown). In contrast, significant aggregation and precipitation of CuS (ACS, 5.4 ± 0.3 nm) suspensions were observed after 1 min (Fig. 5c) . A small fraction of SnS (ACS, 6.0 ± 0.4 nm) remained suspended after 7 days (Fig. 5d) . Acetate was a suitable capping agent to form fine nanoparticles and reduce aggregation for ZnS, but it was not effective for CuS and SnS.
Characterization of produced ZnS properties and comparison to commercial product
We compared randomly selected ZnS batches produced by SNF with various products from CNF produced using different buffer systems in a previous study (Moon et al. 2016 ) and a commercial ZnS product ( Table 2 ). The color was assessed using a Munsell color chart. The CNF ZnS produced with the aid of direct microbial nucleation exhibited discoloration relative to pure white ZnS from the SNF process and a commercial source. A suspension of commercial ZnS had a very low pH (3.07) compared to NF products (pH 5 to 5.5) from a 1:10 mixture of solid:water.
Particle sizes for ZnS were larger than ACS due to aggregation (Table 2) . While ACS was calculated by Scherrer's equation from the obtained XRD patterns, particle (aggregate) sizes were analyzed by DLS using a slurry of freeze-dried CNF ZnS or SNF ZnS mixed with deionized water after 24-h shaking and 5-min sonication in iced water. The same process was used to analyze the commercial, drypowder ZnS. Biologically produced ZnS samples had similar ACSs; however, particle size analysis exhibited better dispersibility of SNF ZnS than CNF. The particle size of SNF-produced ZnS was nearly 68-fold smaller than CNF product. Even without post-treatment, the SNF ZnS particle size was close to the~25-nm size of CNF ZnS that was previously dispersed with surfactant at low concentration (Moon et al. 2014) .
Total carbon and nitrogen composition was determined for selected samples to compare purity (Fig. 6) . These values were compared to previous CNF samples (Moon et al. 2016) . ZnS produced from CNF with NaOH titration to control pH exhibited small ACS and particle sizes (Table 2 ), but its surface was covered with more carbon (2.03%) than material produced by CNF using an organic buffer (0.83%). As expected, SNF-produced ZnS contained less carbon (0.33%), similar to the commercial sample (0.10%). Nitrogen compositions of both the SNF and commercial samples were below detection limits.
Generally, the surfaces of nanoparticles produced by CNF were covered by fermentation by-products containing hydroxyl carbon (C-O), carbonyl carbon (C=O), or amine functional groups, such as acetate or lactate as well as amino acids and protein (Jang et al. 2015a, b; Moon et al. 2016) . Based on the FTIR analysis shown in Fig. 7 , ZnS from CNF showed the broad water (O-H) stretching vibration at 3000-3500 cm −1 and bending vibration (H-O-H) at 1645 cm −1 (Lindroos and Kanniainen 1997) . The CNF product spectra also indicated amine residues at 1535 and 1401 cm −1 (Moon et al. 2016) . In contrast, the SNF spectrum was missing these peaks from lipids and proteins in the CNF samples (Moon et al. 2014) , while dominant carboxylate peaks at 1425 and 1555 cm −1 were observed, consistent with acetate as the capping agent. A weak peak suggesting the deformation and rocking modes of the CH 3 group at 1345 cm −1 (Zhang et al. 2008 ) and ν(C-OH) peaks arising at around 1025 cm −1 (Moon et al. 2014) were commonly found. The commercial ZnS only exhibited broad peaks of O-H at approximately 3150, 1620, and 1110 cm −1
. The reduced carbon residual on the ZnS particle aggregates surface from SNF was confirmed in TEM images (Fig. 7) . SNF- Bandgap of conventional NF (< 3.6 eV) from reference (Jang et al. 2015b) c Data from reference (Jang et al. 2015a ) Fig. 2 Bandgap change between conventional NanoFermentation (NF) and SNF. ZnS samples from sequential NF exhibited considerable blueshift compared to CNF ZnS (< 3.4 eV) The most common application of ZnS is in optical devices. As shown in Fig. 8 , absorbance and photoluminescence excited by a He-Cd laser at 325 nm showed the SNF route provided the smallest absorbance compared to the CNF ZnS and a commercial bulk phase sample.
The bandgap emission peak positions of SNF-and CNFprocessed ZnS samples were identical due to the similar ACS. However, SNF-produced ZnS show only a bandgap emission at 420 nm. Other ZnS batches show evidence of a low-energy emission with a peak around 560 nm. In contrast, the commercial sample had no emission due to its ACS being larger than an effective quantum radius. The commercial ZnS maintaining the similar lower carbon and nitrogen capping agent on the surface as compared to the SNF ZnS (Fig. 6 ) had higher background of abosorbance. Chemical analysis also showed that metal impurity (represented by Fe) of SNF ZnS (7.9 mg/ kg) was slightly lower than in commercial ZnS (11 mg/kg) and ten times lower than CNF ZnS (84 mg/kg) and CNF ZnS with NaOH (low organic buffer system) (95 mg/kg).
Comparison study using commercial H 2 S gas
Abiotically synthesized ZnS produced by sparging pure H 2 S gas from a gas cylinder into a 1 M zinc acetate solution was washed with deionized water to remove unreacted salts. The methanolmixed slurry was used for XRD analysis to obtain the crystallite size (2.0 ± 0.1 nm). There was very little difference in ACS from both CNF and SNF ZnS, shown in Table 1. However, particle Fig. 5 Suspension experiment using ZnS, CuS, and SnS from sequential NanoFermentation; a ZnS as-is after washing, b ZnS, c CuS, and d SnS with sonication. Phases and average crystallite size were determined by XRD patterns size distribution analysis of the abiotic ZnS measured an effective diameter of 34 μm, which was reduced to 20 μm after 5 min sonication in iced water. These ZnS particles produced by abiotic means were at least 370-times larger than ZnS particles produced by the SNF process, even though both ZnS particles had similar ACS.
Discussion
Crystallites of synthesized ZnS nanoparticles and other metal sulfides
As shown in Table 1 , the small decrease in ACS of SNFformed ZnS may have resulted from the high Zn 2+ concentration (1 M) in the secondary reactor, compared to dosing 5 mM ZnCl 2 solution in the primary reactor during CNF. This difference may be the result of concentration-dependent processes (i.e., nuclei formation versus crystal growth). The high Zn concentration in SNF likely facilitated more nuclei generation rather than crystal growth as observed in CNF (Moon et al. 2013 (Moon et al. , 2010b .
Compared to ZnS synthesized by CNF and a commercial source, SNF provides a route to improved optical properties as determined through absorbance and photoluminescence. Advantages were likely provided by reduced diameter of particles, reduced surface coating (i.e., carbon and nitrogen), and reduced defects, while maintaining similar ACS. The simulated abiotic synthesis that passed H 2 S-bearing gas through the same 1 M zinc acetate solution had a much larger aggregated particle size than the ZnS from the SNF, even though both had similar average crystallite sizes.
Final pH determining ACS according to buffer condition was also confirmed. CNF in small-scale (< 50 mL) batches previously resulted in a 3.5 nm ZnS from FM medium at final pH 4.3, and a 1.8 nm ZnS was produced from FeS medium at pH 6.8 (Moon et al. 2014) . Chemical synthesis of glycolic acid-capped ZnS:Mn also confirmed the relation between pH and ACS (i.e., 4.4 nm at pH 2, 3.8 nm at pH 7, and 3.2 nm at pH 12) (Sim and Hawang 2016) since the (Eskelsen et al. 2018) ) and commercial ZnS compared to conventional NF (Data from (Moon et al. 2016) ) using various buffer systems (MOPS, HEPES, and NaOH) precipitation rate appeared inversely proportional to the concentration of protons (Zhang and Banfield 2009). This balance between nucleation and crystal growth could be confirmed among SNF ZnS samples in experiments with a higher Zn 2+ initial concentration compared to CNF (Table 1 ).
The secondary reactors had a concentrated 1 M zinc acetate solution, and the concentration of HS − or H 2 S was limited by the gas flow rate or concentration from the primary reactor. Both factors likely determined nucleation and growth steps of the reaction, thus defining the final physical and optical properties of ZnS nanoparticles. There could be a pressure effect on variation of crystallite size or particle size. Completely sealed primary reactors used in CNF, in which ZnS nanoparticles were produced, usually reached around 5 psi (data not shown); however, the secondary reactor of SNF operated close to ambient pressure, open to air. The indirect evidence via cerium oxide nanoparticle study; as crystallite size decreased from 100 nm, bulk modulus pressure first increased, then reached a peak at 33 nm, and then reached the lowest value from our set at 6 nm (Rodenbough et al. 2015) . Analysis of SNF-produced ZnS nanoparticles in Fig. 2 clearly indicates a sharp transition within the range of the ZnS bandgap consistent with the desirable small ACS. In contrast, CNF-produced ZnS particles exhibited a low-energy transition extending into the visible range, which usually correlates with surface defect states.
The presence of defects in ZnS nanoparticles, as shown in Fig. 4 , is commonly observed (Zhang et al. 2006) . The smaller ACS calculated by XRD compared to nanoparticle sizes measured by electron microscopy have been observed by others and is attributed in part to the presence of defects in cubic ZnS nanoparticles and other cubic metal sulfides such as CdS (Kumar et al. 2012; Murray et al. 1993; Nanda et al. 2000) . Very few structural defects were observed in the SNFproduced ZnS nanoparticles. The lack of structural defects in the SNF experiments suggests that particle-particle fusion interactions such as oriented attachment are inhibited (Eskelsen et al. 2018) .
The broad peak between 10 and 20°2θ of XRD pattern (Fig.  5 ) in the experiment of CuS synthesis meant considerable amorphous phases were present. This might be a reason for unidentified mixtures of Cu x S y and amorphous phases with CuS. Easy reduction of Cu 2+ ions to Cu + ions at relatively oxic conditions (~150 mV) can randomly precipitate multiple phases (i.e., CuS, Cu 2 S, Cu 2-x S, and Cu 1.8 S) before approaching fully anaerobic condition. In contrast, divalent Zn 2+ can be maintained for ZnS and Sn 4+ transformed to Sn 2+ for SnS at anoxic condition (<− 100 mV) combining sulfide. Future work will find more appropriate capping molecules rather than acetate using SNF.
Enhanced properties of SNF-produced ZnS nanoparticles
The total C-N analysis results illustrate that the SNF-prepared ZnS contains only minimal carbon, perhaps due to acetate capping, which reduced protein by-products on the surface, maintaining small ACS and particle size. Metabolic byproducts from the bacteria in the primary reactor (including CO 2 as well as organic acids and ethanol in vapor) may have been flushed alongside H 2 S in gas phase into the secondary reactor. These compounds may be advantageous as sizecontrolling agents, even though high concentrations can facilitate aggregation (Moon et al. 2014) .
Following enhanced optical properties such as absorbance and bandgap emission (Fig. 8 ) indicated low density of lowenergy defects, smaller size, improved crystallinity, and a homogeneous size distribution. Therefore, the SNF ZnS batches had enhanced optical properties. The higher background of absorbance in the CNF-produced ZnS and commercial ZnS might indicate defects in their crystal structure. Recently, CNF ZnS was found to have internal defects, such as twin boundary and stacking faults (Eskelsen et al. 2018) By replicating the mixture of compounds in the H 2 S-bearing sparging gas from the SNF process, a future abiotic manufacturing process might replicate the improvements in ZnS nanoparticles produced by SNF: small ACS and particle size, reduced background due to lower concentrations of capping agents, and fewer crystal defects. However, production of the key H 2 S gas stream through a microbial method such as SNF is economic for manufacturing (Moon et al. 2013) . For a green manufacturing process, SNF could give enhanced properties to ZnS performance while maintaining favorable characteristics of NanoFermentation including low cost, scalability, reproducibility, and low toxicity.
